In the field of cognitive neuroscience, it is increasingly accepted that mentalizing is subserved by a complex frontotemporoparietal cortical network. Some researchers consider that this network can be divided into two distinct but interacting subsystems (the mirror system and the mentalizing system per se), which respectively process low-level, perceptive-based aspects and highlevel, inference-based aspects of this sociocognitive function. However, evidence for this type of functional dissociation in a given neuropsychological population is currently lacking and the structural connectivities of the two mentalizing subnetworks have not been established. Here, we studied mentalizing in a large sample of patients (n = 93; 46 females; age range: 18-65 years) who had been resected for diffuse low-grade glioma-a rare tumour that migrates preferentially along associative white matter pathways. This neurological disorder constitutes an ideal pathophysiological model in which to study the functional anatomy of associative pathways. We mapped the location of each patient's resection cavity and residual lesion infiltration onto the Montreal Neurological Institute template brain and then performed multilevel lesion analyses (including conventional voxelbased lesion-symptom mapping and subtraction lesion analyses). Importantly, we estimated each associative pathway's degree of disconnection (i.e. the degree of lesion infiltration) and built specific hypotheses concerning the connective anatomy of the mentalizing subnetworks. As expected, we found that impairments in mentalizing were mainly related to the disruption of right frontoparietal connectivity. More specifically, low-level and high-level mentalizing accuracy were correlated with the degree of disconnection in the arcuate fasciculus and the cingulum, respectively. To the best of our knowledge, our findings constitute the first experimental data on the structural connectivity of the mentalizing network and suggest the existence of a dual-stream hodological system. Our results may lead to a better understanding of disorders that affect social cognition, especially in neuropathological conditions characterized by atypical/aberrant structural connectivity, such as autism spectrum disorders.
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Introduction
It is now widely acknowledged that mentalizing (a key function in understanding and successfully performing complex social interactions) is subserved by a brain-wide neural network (Amodio and Frith, 2006; Carrington and Bailey, 2009; van Overwalle, 2009; Mar, 2011) . Although the involvement of some brain areas is still subject to debate, it is generally accepted that this highly distributed neurocognitive network is formed by the temporoparietal junction, the precuneus and the medial and inferior-lateral areas of the prefrontal cortex. Group-based analyses in neuropsychological populations have repeatedly provided additional evidence for this type of frontotemporoparietal system, with some degree of right-hemisphere dominance (Winner et al., 1998; Happé et al., 2001; ShamayTsoory et al., 2005) .
Mentalizing is not necessarily an 'all-in-one' cerebral process, but may emerge from the coherent orchestrated activity of at least two distinct neural subnetworks (Coricelli, 2005; Frith and Frith, 2006; Keysers and Gazzola, 2007; Uddin et al., 2007; Lieberman, 2007; Bohl and van den Bos, 2012; Spunt and Lieberman, 2012) . The frontoparietal mirror system may subserve the low-level embodied processes (i.e. sensorimotor-based intersubjective resonance) that are involved (for example) in emotional empathy and the decoding of proximal (motor) intentions (Rizzolati and Craighero, 2004; Shamay-Tsoory et al., 2009; Rizzolatti and Sinigaglia, 2010) . The mirror system may thus provide a neural route for the rapid, intuitive, pre-reflective understanding of another person's internal affective or intentional states. Conversely, the mentalizing system per se may be concerned with sustaining the processes that underlie higher-level reflective inferences, such as the attribution of complex distal intentions or motives. Although a recent qualitative meta-analysis of functional MRI data suggested that these two mentalizing subsystems are relatively independent from a functional standpoint (van Overwalle and Baetens, 2009) , data from a number of activation or effective connectivity functional MRI studies (Zaki et al., 2009; Lombardo et al., 2010a; Schippers et al., 2010; Spunt and Lieberman, 2012) do not support this view. The two subsystems may cooperate during the ascription of psychological states.
Voxel-based lesion-symptom mapping (VLSM) (Bates et al., 2003) is an increasingly popular method for studying correlations between behavioural data and anatomic (lesion) data and thus drawing conclusions on the underlying neurocognitive organization. Although this inferential statistical method is free of the inherent weaknesses of group-based analyses of patients with defined lesions (because there is no need for a priori knowledge of a given brain process's anatomical substrate), VLSM itself has several limitations. When white matter association pathways are damaged (and almost all VLSM studies show that the lesion peaks are located on these fascicles' trajectories), behavioural impairments could also be due to disconnection mechanisms; this makes it difficult to draw reliable neuropsychological inferences in terms of brain location (Rorden and Karnath, 2004; Catani and Ffytche, 2005; Rudrauf et al., 2008a; van Overwalle, 2009; Duffau, 2011; Catani et al., 2012) . Moreover, it is increasingly thought that high-level cognitive functions are subserved by complex, distributed neural networks (Mesulam, 1998; Bressler and Menon, 2010) , and that cognitive disorders may result from the general dysfunction of a neurocognitive network induced by a loss of structural connectivity (He et al., 2007a) .
In the present study, we collected mentalizing data from a large sample of patients (n = 93) having undergone surgical resection of diffuse low-grade glioma, a rare lesion of the CNS that migrates preferentially along the associative white matter fibres. All patients had been operated on under local anaesthesia with a cortical and subcortical mapping through direct electrical stimulation. Electrical stimulation causes a transient, 'virtual lesion' and thus enables identification of the structures that are functionally essential at each stage of the resection (Duffau et al., 2002; Duffau, 2005) . In fact, most of the associative white matter connectivity required for basic cognitive processes is never surgically removed, despite lesion invasion (Ius et al., 2011) . Consequently, analysis of patients with diffuse low-grade glioma constitutes a unique opportunity to gain a better understanding of the functional counterpart of surgical excisions (at the cortical level) and the functional impact of lesion invasion on white matter bundles (at the subcortical level). In this latter case, the progressive disconnection of white matter pathway connectivity is likely to induce functional disruption of the underlying neurocognitive networks.
Although our study addressed basic hypotheses on the involvement of specific cortical areas in each mentalizing subsystem (e.g. the involvement of the posterior inferior frontal gyrus and the dorsomedial prefrontal cortex in low-level and high-level mentalizing processes, respectively), we focused on predicting the structural connectivity of these networks. The mirror system a minima is composed of the pars opercularis of the inferior frontal gyrus, the ventral part of the premotor cortex and the inferior parietal lobule (Rizzolatti and Craighero, 2004) . This cortical frontoparietal network is probably interconnected through the arcuate fasciculus and the lateral superior longitudinal fasciculus (Iacoboni and Dapretto, 2006) , as both of the latter have cortical terminations in the anterior part of the mirror system. The arcuate fasciculus is known to connect the pars opercularis to posterior temporal and parietal regions, whereas the lateral superior longitudinal fasciculus connects the ventral premotor cortex and the pars opercularis to the supramarginal gyrus (Catani and Ffytche, 2005; Makris et al., 2005; Martino et al., 2013) . Thus, if low-level aspects of mentalizing are indeed processed by the mirror network, we should be able to find correlations between decreases in mentalizing accuracy on one hand and the degree of damage to these fasciculi on the other (i.e. the volume of lesion infiltration).
Conversely, the mentalizing system per se broadly overlaps with the brain's default mode network (Schilbach et al., 2008 (Schilbach et al., , 2012 Spreng et al., 2009 ) that is reportedly involved in self-referential processes, metacognition and reflexive awareness (Raichle et al., 2001; Greicius et al., 2003; Cavanna and Trimble, 2006) . The cingulum is likely to be the structural 'skeleton' of the default network (van den Heuvel et al., 2008; Greicius et al., 2009) and interconnects the midline structures of the brain. In particular, the cingulum connects the medial prefrontal cortex with the medial posterior parietal cortex (including the precuneus and posterior cingulate cortices). Hence, one can legitimately hypothesize that this associative white matter fasciculus may play an important role in inference-based mentalizing. If so, a decrease in mentalizing accuracy should be correlated with the degree of damage to this tract.
As detailed below, our results confirmed this hypothesis and provide a parsimonious anatomical basis for an integrated, interactive, dual-stream model of mentalizing.
Materials and methods

Participants
A total of 93 native French speakers having undergone surgical resection for a diffuse low-grade glioma (as confirmed by postoperative neuropathological analyses) were recruited from Montpellier University Hospital's Department of Neurosurgery over 42 years (see Supplementary Table 1 for a comprehensive overview of the sociodemographic and clinical data). All patients were operated on by the same experienced neurosurgeon (H.D.) under local anaesthesia (i.e. 'awake' surgery) with a cortical and subcortical brain mapping achieved by direct electrical stimulation. This validated surgical technique (Ojemann and Mateer, 1979; Duffau et al., 2002) spares the cortical and subcortical structures that remain eloquent for certain basic cerebral processes (e.g. visuospatial and language processes). It should be noted, however, that none of the patients were mapped for mentalizing processes during neurosurgery.
The exclusion criteria were as follows: previous radiotherapy (which can impair cognition); any neurological impairment (i.e. hemianopia or contralateral superior motor disorders) or cognitive impairment (i.e. spatial neglect) that would prevent objective behavioural testing; a history of neurologic or psychiatric disorders; low or abnormal premorbid IQ (590, as assessed with the French version of the National Adult Reading Test) (Mackinnon and Mulligan, 2005) . Ten patients were excluded by the latter criteria.
The study population consisted of 45 females and 48 males, with a mean AE SD age of 38.35 AE 10.31 years (range: 18-65 years), a mean educational level (years in full-time education) of 14 AE 3.22 (range: 9-22 years) and a mean premorbid IQ of 107.52 AE 6.91 (range: 90-123). The behavioural assessment was always performed by the same trained clinician neuropsychologist (G.H.) during the chronic phase (i.e. at least 3 months after surgery).
A group of 60 healthy subjects was also enrolled in this study, to provide control data for low-level (n = 42) and high-level (n = 18) mentalizing tasks.
All participants gave their written, informed consent to participation in the study. Additionally, patients agreed to the retrospective extraction of clinical and neuropsychological data from their medical records.
Behavioural tasks
We used two different behavioural tasks [the 'Reading the Mind in the Eyes' (RME) task and the 'comic strip' task] to assess primarily lowlevel, perceptive-based aspects and high-level, inference-based aspects of mentalizing, respectively. Ninety and 85 patients were evaluated in the RME and comic strip tasks, respectively. These tasks have been extensively characterized and often used in lesion and imaging studies.
The RME perception-based identification task (Baron-Cohen et al., 2001) consists of the presentation of 36 photographs of the eye region of human faces. Participants are asked to state which of four mental states best describes what the character 'is feeling or thinking' (BaronCohen et al., 1999) . In our study, each photograph was presented separately on a PowerPoint Õ slide. The four possible answers were shown at the bottom of the slide. Inference-based mentalizing was probed using the Brunet's modified version of the comic strip task, which is known to engage the classical cortical mentalizing network (including the dorsomedial prefrontal cortex) (Sarfati et al., 1997; Brunet et al., 2000 Brunet et al., , 2003 Atique et al., 2011) . In this behavioural paradigm, comic strip scenarios with three images are presented. The participant is then asked to select the most logical ending from among three possible answers (two distracters and the correct response). There are two experimental conditions, which require different types of causal inference: (i) the 'attribution of intentions' condition (corresponding to mentalizing); and (ii) the 'physical causality' (control) condition. The comic strip scenarios were presented on a laptop computer (Windows 7; quad-core 2.8 i7; 16 Gb RAM) in a MATLAB Õ environment (2008b, version 7.7, The Mathworks Inc.).
Cogent 2000 toolbox (http://www.vislab.ucl.ac.uk) was used to generate the script. Comic strips were displayed at the top of the screen for 5 s. Next, the three possible answers (numbered from one to three, from left to right) were displayed at the bottom of the screen. Participants were asked to respond as quickly and accurately as possible by pressing keys 1 to 3 of the numeric pad with their right index finger. The answers were automatically recorded by the software. The attribution of intention and physical causality conditions each consisted of 28 scenarios. The order of the experimental conditions was counterbalanced. In each experimental condition, the scenarios were presented in a pseudo-random order. Before the experimental phase, a training session with 12 items (including attribution of intention and physical causality items) was performed. It should be noted that each of the two tasks preferentially recruits one mentalizing subsystem or the other. Given that the RME task requires explicit judgement (i.e. conscious processes), it necessarily engages the inference-based mentalizing network. Nevertheless, activation functional MRI studies have shown that the posterior part of the inferior frontal gyrus (including the pars opercularis) and the ventral premotor cortex, i.e. the anterior part of the mirror system, are involved in this task (Baron-Cohen et al., 1999; Russell et al., 2000; Baron-Cohen, 2006; Adams et al., 2010; Castelli et al., 2010; Moor et al., 2012) . This involvement was formally demonstrated by lesion studies showing that RME task performance was specifically impaired by pars opercularis damage but not by medial prefrontal damage (Shamay-Tsoory et al., 2009; Herbet et al., 2013) . Although the comic strip task is known to predominantly activate the mentalizing network (Brunet et al., 2000 (Brunet et al., , 2003 Vollm et al., 2006; Atique et al., 2011) and be particularly affected by medial prefrontal damage , a magnetoencephalography study has demonstrated the early activation of posterior brain regions belonging the mirror network (Vistoli et al., 2011) during this task. Furthermore, surgical resection of the right pars opercularis is associated with slight slowing of the inferential process associated with intentional attribution . Based on these findings, we assumed that both tasks can simultaneously engage the mirror and mentalizing systems to some extent, but that the intactness of each subsystem is more important for success in one behavioural task or the other.
Neuroanatomical data acquisition
In all patients, structural MRI data sets were acquired at the time of the behavioural assessment in the same medical centre as part of their standard care. The images had been acquired using conventional axial fluid-attenuated inversion recovery (FLAIR) or high-resolution 3D T 1 -weighted sequences on a 1.5 T Siemens Avento or a 3 T Siemens Skyrya scanner (Siemens Medical Systems).
Lesion mapping
Resection cavities and residual lesion infiltrations were reconstructed in standardized MNI space by one of the investigators (G.H.). First, each reconstruction was compared with the initial non-normalized scans and the corresponding, detailed surgical report produced by the neurosurgeon (H.D.). Next, the work was carefully inspected by an independent, board-certified neuroradiologist (N.M.C.) who was blinded to the behavioural data. It should be noted that six patients were excluded at this point because structural abnormalities [abnormal ventricle size (n = 1) and brain hygroma (n = 5)] prevented accurate normalization.
To spatially normalize individual data sets, we used SPM8 (implemented in a MATLAB Õ environment) with cost function masking (Brett et al., 2001) . This method has been extensively characterized and is proven to be the best option for normalization when the lesion is large (Andersen et al., 2010) . During the registration process, cost function masking avoids bias caused by abnormal lesion-induced radiologic signals. Briefly, the lesion is contoured by hand and transformed into a binarized image. This image is used as a mask for the normalization process. The lesion is then drawn on the normalized scan to yield a volume of interest. We used high-resolution whole-brain 3D T 1 images (resolution: 1 Â 1 Â 1 mm) to map the resection cavities. However, we preferred to use FLAIR images (23 axial slices, with a resolution of 0.898 Â 0.898 Â 6 mm) for the lesion infiltration maps because this sequence is known to yield the best contrast between normal brain tissue and infiltrated brain tissue.
Voxel-based lesion-symptom analyses
We used whole-brain VLSM analyses (Bates et al., 2003) to explore the putative relationships between mentalizing data on one hand and the spatial locations of the surgical resections or residual lesion infiltrations on the other. To this end, we used NPN software (version: December 2012) provided in MRIcron package (www.mricro.com/ mricron). We excluded voxels that were resected or infiltrated in fewer than three patients. Although this threshold may appear to be low, it has often been used in VLSM studies and, in view of the inhomogeneous spatial distribution of the surgical resections, was the best option here (Fig. 1) . Diffuse low-grade glioma preferentially infiltrates the insular, frontal and anterior temporal cortices Parisot et al., 2012) . Given that right posterior temporal and parietal areas are of interest in mentalizing (Saxe and Kanwisher, 2003) and to not discount these regions of interest, it made sense to take account of voxels damaged at least in three patients. However, it should be noted that all the VLSM analyses were repeated with a minimum exclusion threshold of six and 10 patients for resection cavity maps (therefore excluding right posterior areas) and five patients for residual infiltration maps (to increase statistical power in more anterior areas). The overall results did not differ significantly as a function of the exclusion threshold, and so the latter analyses are not presented here.
The parametric t-test statistic was chosen to compute the Z-score statistical maps; a pairwise comparison is used to test for a statistically significant difference between behavioural scores for patients with or without damage in a given voxel (a resected or infiltrated voxel, in our case).
We chose not to correct the type I error for multiple comparisons [with a Bonferroni correction or a false discovery rate (FDR) control method, for example]. In fact, this conservative approach can lead to a high false negative rate, especially for brain structures with low lesion coverage (Rudrauf et al., 2008b) . Hence, we decided to threshold the resulting statistical maps at Z 4 3.09 (corresponding to P = 0.001 uncorrected), with an extent threshold of k = 70 contiguous voxels. This decision was justified by the fact that (i) we had strong prior assumptions (at least at the cortical level); and (ii) patients with diffuse lowgrade glioma show high levels of functional plasticity. Consequently, it was the best trade-off between sensibility and specificity (Rudrauf et al., 2008b) . However, applying a FDR correction to the statistical maps with a threshold of q = 0.05 did not alter the main results; there were fewer significant voxels but the spatial location of significant peaks did not change.
The VLSM analyses were performed on each behavioural accuracy score, expressed initially as the percentage of correct answers. However, we corrected the raw data before subsequent analyses. We specifically sought to remove the variance associated with certain sociodemographic and clinical variables of no interest-variance that otherwise may significantly distort the output results. To this end, we performed separate multiple regression analyses on the row score from the low-level task and the three row scores from the high-level task (the attribution of intention and physical causality conditions and the differential error rate when comparing the two conditions). Standardized residuals from each model (referred to as standardized residual-RME, standardized residual-attribution of intention, standardized residual-physical causality and standardized residual-differential error rate) were used as inputs in subsequent lesion-behaviour analyses. This is an acceptable approach when the design is substantially complicated by the entry of several covariates (Kimberg et al., 2007) . Indeed, this procedure has been used by some authors to partial out unwanted (i.e. non-interest) factors in VLSM analyses (Schwartz et al., 2011; Glä scher et al., 2012) . These residual scores were also used to study the correlation between the degree of disconnection of the associative pathways on one hand and mentalizing accuracy scores on the other (see below).
For the residual lesion infiltration maps, VLSM analyses were performed with and without the lesion infiltration size as a covariate. This enabled us to check whether the degree of lesion infiltration in white matter associative pathways could account for worse mentalizing performance.
Subtraction plots
Resection cavity maps and residual lesion infiltration maps from patients with or without poor mentalizing accuracy were contrasted by means of MRIcron's 'subtraction plot' function. This kind of imaging analysis is especially useful for detecting brain structures that are more frequently damaged in a set of patients with a given functional alteration (when compared with a set of control patients without this functional alteration) (Karnath et al., 2002) . However, use of a subtraction plot is only appropriate when the two groups contain approximately the same number of individuals (Rorden and Karnath, 2004) . Firstly, lesion maps from the two subgroups (impaired and unimpaired patients, in the present study) are overlaid. Secondly, these images are subtracted (the impaired image minus the unimpaired image) to create a new image that shows the specifically damaged cortical or subcortical regions. A colour bar is used to indicate the percentage overlap between the lesions.
Infiltration estimation
To estimate the degree to which white matter associative fasciculi had been infiltrated, each individual residual lesion map was first overlaid with the diffusion tensor imaging-based white matter fasciculus atlas from Catani and Thiebaut de Schotten (2008) . Next, MRIcron's 'batch descriptive' function was used to automatically compute the number of voxels that overlapped with each associative fasciculus (the inferior fronto-occipital, uncinate, inferior longitudinal, arcuate and lateral superior longitudinal fasciculi and the cingulum).
The correlation between infiltration volumes (expressed as the number of infiltrated voxels) and mentalizing scores (raw scores and standardized residuals) were analysed using a non-parametric Spearman test. We adopted a constraining statistical context by including only patients showing infiltrated brain tissues.
These analyses were supplemented by a group analysis approach based on the patient subdivisions established for subtraction lesion analyses. Using non-parametric Mann-Whitney U-test, we compared impaired patients and unimpaired patients in terms of the infiltration volumes in each fasciculus, the Z-score in the RME task and the differential error rate in the comic strip tasks.
Results
Sociodemographic and clinical data
The patients' sociodemographic and clinical data are summarized in Supplementary Table 1 . The average volume of resected brain tissue was 72.25 AE 61.49 cm 3 (range 4.1-289.9 cm 3 ); corresponding to 94.29 AE 6.04% of the initial lesion size (range 70-100%).
As shown in Fig. 1A , the spatial distribution of the surgical resections was inhomogeneous. This fits well with anteroposterior gradient typically observed for diffuse low-grade gliomas, where lesions infiltrating posterior areas are less frequent Parisot et al., 2012) . It is noteworthy that there were more patients with right-side lesions than patients with leftside lesions. This difference was expected because we excluded patients with lesions in the left middle/posterior temporal and Residual lesion infiltration overlaps (n = 70). As expected, the residual infiltrations were located on the trajectory of the associative white matter fasciculi. The greatest degree of overlap occurred in the white matter fibres of the right inferior occipito-frontal fasciculus (n = 21). Histograms represent lesion density plots (i.e. the number of overlapping voxels). parietal regions, to avoid possible bias because of receptive language disorders.
As expected, the remaining lesion infiltrations were mainly located on the anteroposterior trajectories of the associative white matter bundles (Fig. 1B) . Our lesion mapping therefore replicated the probabilistic atlas of functional resectability published by Ius et al. (2011) , which showed that most of the associative white-matter connectivity cannot be removed for functional reasons.
Behavioural data analysis
Raw mentalizing scores for each task are given in Supplementary Table 2. In the low-level mentalizing task, the mean AE standard deviation (SD) score in the patient group (n = 90) was 61.67 AE 11% of correct responses (36.11-83.33 ). In the highlevel mentalizing task, the mean score in the patient group (n = 84) was 84.69 AE 13.34% (39.90-100) of correct responses in the attribution of intention condition and 93.75% ] of correct responses in the physical causality (control) condition. Low-level mentalizing scores were found to be moderately correlated with the attribution of intention scores (r 84 = 0.254, P = 0.022), but not at all correlated with physical causality scores (r 84 = 0.081, P = 0.470).
All the accuracy scores were fed into separate multiple regression models with age, premorbid IQ, resection volume and time since surgery as potential predictors. For the low-level task, the overall model was not significant (R 2 = 0.082, P = 0.11) but age (unlike all the other variables; P 4 0.16) was found to be a significant predictor (b = À 0.24, P = 0.03). For the high-level task, the model was significant for all dependent variables (attribution of intention: R 2 = 0.23, P = 0.0003; physical causality: R 2 = 0.225, P = 0.0004; differential error rate: R 2 = 0.11, P = 0.04). Age and premorbid IQ made significant contributions to these models contrary to clinical variables (the complete results of these analyses are reported in Supplementary Table 3 ). Standardized residuals from these multiple regressions were used instead of raw behavioural scores as inputs for subsequent VLSM analyses. This is enabled us to remove the unwanted variance associated with the covariates of non-interest mentioned above. The patient subgroups (unimpaired and impaired) for group and subtraction plot analyses (see below) were established by applying a clinical criterion for normality (4À 1 SD versus 4À 1 SD) based on control data from healthy participants. In clinical practice, patients performing below this cut-off are usually considered to be poor performers. Moreover, this cut-off was particularly convenient for dividing the patients into two equally sized subgroups. For the RME low-level mentalizing task, 42 healthy participants were divided into three age classes (Group 1: 18-34; Group 2: 35-49; Group 3: 50-65) and their behavioural scores were used to transform the patients' raw scores into age-adjusted Z-scores. In contrast to the comic strip task, the RME task is known to be affected by age in French populations (Duval et al., 2011) . For the comic strip task, 18 additional control participants provided normative data that enabled the patient's performance levels to be transformed in Z-scores. The subtraction plot analysis was performed on the differential error rate data only to identify patients with a specific decrease in inference-based mentalizing accuracy.
For correlation analyses between mentalizing accuracy and the degree of lesion infiltration into associative white-matter fasciculi (see below), age-adjusted Z-scores (for the low-level RME task) and raw scores (for the high-level comic strip task) as well as standardized residuals from multiple regression models (see above) were used. Note that raw scores were directly selected for the comic strip task because scores were not adjusted for age, as earlier justified. Consequently, transformation into Z-scores for this task only served to segregate patients for group and subtraction plot analyses.
Resections of the supplementary motor area and the dorsal premotor cortex are associated with poor inference-based mentalizing accuracy
We performed VLSM analyses on standardized residuals (first for the resection cavity maps and then for the residual lesion infiltration maps; Fig. 1A and B). As explained in the 'Materials and methods' section, we chose to apply a liberal threshold for statistical significance (Z 4 3.09; P 5 0.001 uncorrected). For the sake of completeness, the summary table also reports the clusters that survived a correction for multiple comparisons (using a FDR control procedure with q = 0.05).
For the low-level mentalizing task, our analyses of resection cavity maps (90 maps, with 589 001 voxels tested) were inconclusive and none of the voxels exceeded the critical value. The same was true for our analyses of residual lesion infiltration maps (68 maps, 33 126 voxels tested), regardless of whether or not the lesion infiltration volume was included as a covariate.
For the high-level mentalizing task, VLSM analyses of the attribution of intention data and the resection cavity maps (84 maps, 572 302 voxels tested) revealed a cluster of significant voxels in the right angular gyrus (cluster size = 565 voxels, Z max = 3.76) and the right supplementary motor area (cluster size = 211 voxels, Z max = 4.11). However, the posterior parietal regions were not specific to intention mentalizing, as analyses performed on the physical causality data also highlighted a cluster of significant voxels in the same location (cluster size = 573 voxels, Z max = 3.3). Accordingly, VLSM of the differential error rate data did not identity significant voxels in this region. In contrast, the latter analysis revealed a large cluster of significant voxels in the right supplementary motor area, which extended to the dorsal premotor cortex (cluster size = 2728 voxels, Z max = 5.32) andalbeit to a lesser extent-the junction between the pars opercularis of the right inferior frontal gyrus, the pars triangularis and the posterior part of the right middle frontal gyrus (cluster size = 176 voxels, Z max = 5.32). These results are reported in Table 1 and illustrated in Fig. 2 .
At the subcortical level, VLSM analysis of the residual lesion infiltration maps revealed a cluster of significant voxels in the white matter underlying the right occipito-temporoparietal junction when considering both attribution of intention data (cluster size = 210, Z = 3.81) and physical causality data (cluster size = 257, Z: 4.05). In the physical causality analysis, an additional cluster was observed in the white matter underlying the right angular gyrus (cluster size = 88, Z = 3.46). However, analysis of the differential error rate data did not identify any significant lesionbehaviour relationships, demonstrating that infiltration of these white matter fibres was not specifically associated with impaired mentalizing accuracy. Interestingly, the clusters identified for attribution of intention and physical causality disappeared when the analyses were repeated with the volume of residual infiltration as a covariate (Table 1 ).
Brain regions most frequently damaged in patients with low mentalizing accuracy
To visualize the brain areas the most frequently damaged in patients with mentalizing impairments, we generated maps by overlapping individual residual lesion infiltration maps of patients with poor accuracy and maps from patients with normal accuracy. In view of the difference in the numbers of patients with left-side lesions and those with right-side lesions, subtraction analyses were only performed on the latter group of patients. Analyses operated on standardized residual-attribution of intention, standardized residual-physical causality, and standardized residual-differential error ratewere inconclusive, and revealed systematically a volume effect (values in bold: P 5 0.00001 uncorrected; P 5 0.05 FDR-corrected). SMA = supplementary motor area; AG = angular gyrus; mid; FG = middle frontal gyrus; WM = white matter; TPOj = temporo-parieto-occipital junction; BA = Brodmann area; RL = residual lesion. Figure 2 Damage to the supplementary motor area and dorsal premotor cortex is associated with impaired accuracy in inference-based mentalizing. The statistical map is thresholded at P 5 0.001 uncorrected and rendered in three dimensions. Only significant voxels are shown. This lesion-symptom analysis was performed on the difference in error rate between the mentalizing condition (intention attribution) and the control condition (physical causality), after removing unwanted variance associated with nuisance variables (age, premorbid IQ, lesion volume and time since surgery).
For the low-level mentalizing task, the pars opercularis of the right inferior frontal gyrus (224 overlapping voxels in more than 25% of the patients, Fig. 3A ) was more likely to be damaged in patients with impaired accuracy (n = 36, 53.7%) than in patients with unimpaired accuracy (n = 31, 46.3%). This was also true when considering only patients with a resection in the right frontal lobe (n = 20 patients with impaired accuracy versus n = 23 with unimpaired accuracy; 148 overlapping voxels in the right pars opercularis in 4 45% of the patients; Fig. 3B ).
For the high-level mentalizing task, the pars orbitalis of the right inferior frontal gyrus (42 voxels), the posterior part of the right middle frontal gyrus (142 voxels) and the supplementary motor area (52 voxels) were more likely to have been resected in patients with unimpaired performance (525%, Fig. 3C ).
Damage to the right arcuate fasciculus is specifically associated with impaired low-level mentalizing accuracy
We estimated the degree of disconnection (i.e. the volume of infiltration) for each associative white matter fascicule and for each patient. These volumes were then related to the mentalizing data. We considered both age-adjusted Z-scores and standardized residuals from multiple regressions to test the robustness of the results after controlling for nuisance variables. Only patients with residual infiltrations were considered. We also restricted these analyses to right-sided lesion patients; there were not enough patients with left-side lesions to draw reliable and definitive conclusions on the possible involvement of left white matter pathways in mentalizing.
As expected, we found significant negative correlations between low-level mentalizing performance and infiltration volumes in the right arcuate fasciculus (Z-scores: r 47 = À 0.38, P = 0.009; residuals: r 47 = À 0.35, P = 0.016) and the lateral superior longitudinal fasciculus (Z-scores: r 47 = À 0.35, P = 0.017; residuals: r 47 = À 0.35, P = 0.048). Performance was also significantly and negatively correlated with the total volume of infiltration (r 47 = À 0.29, P = 0.047; residuals: r 47 = À 0.69, P = 0.047). None of the other correlations were statistically significant (Table 2) .
In support of these results, impaired patients were significantly more infiltrated in the right arcuate fasciculus than unimpaired patients (Z = 1.95, P = 0.05, Fig. 4A ), confirming the qualitative result from the subtraction lesion analyses (Fig. 4B) .
Damage to the right cingulum is specifically associated with impaired high-level mentalizing accuracy
For the high-level mentalizing task, the infiltration volumes in the cingulum were negatively correlated with the differential error rate Figure 4 Damage to the right arcuate fasciculus is specifically associated with decreased low-level mentalizing accuracy. (A) Group analyses: the residual lesion volumes in each associative pathway were compared in patients with impaired (i) and without impaired (ui) mentalizing performance. Only the arcuate fasciculus showed a group effect (Z = 1.95, P = 0.05). All other comparisons were nonsignificant (P 4 0.1, see also Table 2 ). (B) Subtraction plots: patients with impaired performance were more likely to have infiltration in the arcuate fasciculus. The bar indicates increasing frequency. Only brain regions that overlapped in at least 10% of patients are shown. The left arcuate fasciculus is plotted as a visual point of reference. IFOF = inferior fronto-occipital fasciculus; ILF = inferior longitudinal fasciculus; UF = uncinate fasciculus; AF = arcuate fasciculus; lSLF = lateral superior longitudinal fasciculus. (r 47 = À 0.33, P = 0.024), even after controlling for nuisance variables (standardized residual-differential error rate: r 47 = À 0.33, P = 0.036). None of the other correlations were statistically significant. These analyses were also performed for the attribution of intention and physical causality data sets (Table 2) . These findings were in accordance with group analyses showing that lesion infiltrations in the cingulum were significantly larger in impaired patients (n = 21) than in unimpaired patients (n = 26) (differential error rate, Z = 2.075, P = 0.038). None of the other correlations achieved statistical significance (Fig. 5A) .
Subtraction lesion analyses confirmed the above results (Fig. 5B) . Impaired patients were likely to have infiltration in the cingulum and in the posterior part of the lateral frontoparietal network (including the white matter deep in the temporoparietal and temporo-parieto-occipital junctions). These findings are in line with data ( Fig. 5A) showing that impaired and unimpaired patients also differed (albeit not significantly) in terms of infiltration volumes in the arcuate fasciculus and the lateral superior longitudinal fasciculus (but not in terms of the ventral associative fasciculi, including the inferior fronto-occipital fasciculus and inferior lateral fasciculus.
Discussion
Diffuse low-grade glioma migrates preferentially along white matter associative pathways. Accordingly, we used this neurological disorder as a physiopathological model of the functional anatomy of the associative fasciculi. To date, methods for relating cognitive or neurological impairments to the disconnection of long-range white matter fibres have been qualitative (Bartolomeo, 2012) and involved establishing whether a given lesion is located within associative fasciculi (Bartolomeo et al., 2007; Thiebaut de Schotten et al., 2008; Karnath et al., 2011) . Quantitative methods are now being developed, in an attempt to gauge the respective roles of cortical and subcortical damage in the occurrence of cognitive disorders (Rudrauf et al., 2008a; Philippi et al., 2009) . Here, we adopted the same type of approach by estimating the degree of disconnection of each associative fascicule to make specific predictions about the connectional anatomy of mentalizing. However, the main strength of the present study was our ability to identify critical structures for mentalizing processes at both the cortical and subcortical levels (by studying cortical resections and infiltrated deep connectivity, respectively) (Fig. 1) . To the best of our knowledge, the present study is the first to provide data on the structural connectivity of mentalizing subnetworks. Our results suggest that this complex sociocognitive function is performed by a dual-stream hodological system.
Disconnection of the right arcuate fasciculus/lateral superior longitudinal fasciculus and impaired perceptive-based mentalizing accuracy Dissection studies and diffusion tensor imaging-based studies have shown that the anterior part of the mirror neuron system (including the posterior inferior frontal gyrus and the ventral premotor cortex) is connected to posterior temporoparietal areas by the arcuate fasciculus and the lateral/superficial superior longitudinal fasciculus (Catani and Ffytche, 2005; Makris et al., 2005; Martino et al., 2013) . As previously stated by some authors (Iacoboni and Dapretto, 2006) , this perisylvian network might therefore constitute the main pathway for the frontoparietal mirror network (given its cortical terminations in putative mirror areas). Consequently, we hypothesized that damage to this tract Figure 5 Damage to the right cingulum is specifically associated with decreased high-level mentalizing accuracy. (A) Patients with an impaired differential error rate were more likely to have infiltration in the right cingulum than patients with a normal differential error rate (P = 0.03, see also Table 2 ). Subtraction plot: patients with impaired performance were more likely to have infiltration in the cingulum and in white matters fibres constituting the temporo-parieto-occipital junction. The bar indicates increasing frequency. The left cingulum is plotted as a visual point of reference. IFOF = inferior fronto-occipital fasciculus; ILF = inferior longitudinal fasciculus; UF = uncinate fasciculus; AF = arcuate fasciculus; lSLF = lateral superior longitudinal fasciculus.
could account for impairments in low-level mentalizing performance. Our present results argue in favour of this hypothesis. Accuracy scores were specifically correlated with the degree of infiltration of the arcuate fasciculus and the left superior longitudinal fasciculus (Table 2) , and patients with impaired versus unimpaired mentalizing performance differed significantly in terms of infiltration volumes in the arcuate fasciculus (Fig. 4A and B) . This finding was also consistent with the fact that the junction between the right pars opercularis and the right ventral premotor cortex was the most frequently damaged brain region in impaired patients (Fig. 3A and B) .
Our data fit well with the results of two recent studies in which the right arcuate fasciculus/lateral superior longitudinal fasciculus was suggested to have an important role in social cognition. In a patient population, voxel-based lesion-symptom mapping showed that damage to these pathways was associated with poor social and emotional intelligence (Barbey et al., 2012) . In healthy subjects, interindividual variability in emotional empathy (a brain process known to recruit the mirror system; Shamay-Tsoory et al., 2009) was positively correlated with the fractional anisotropy in certain parts of these associative fasciculi (and especially in the right hemisphere), suggesting that structural hyperconnectivity of the arcuate fasciculus/lateral superior longitudinal fasciculus is associated with greater empathic abilities (Parkinson and Wheatley, 2012) .
Disconnection of the right cingulum and impaired inference-based mentalizing accuracy
In activation functional MRI studies, the medial prefrontal cortex (including the more rostral part of the anterior cingulate cortex) and the precuneus have always been systematically linked to inference-based mentalizing (Amodio and Frtih, 2006; Carrington and Bailey, 2009; van Overwalle and Baetens, 2009) . Furthermore, connectivity studies have also showed strong functional interactions between the medial prefrontal cortex and the precuneus during sociocognitive tasks in general and inferencebased mentalizing in particular (Atique et al., 2011) . Interestingly, these two cortical nodes also belong to the socalled default mode network, which is thought to be involved in self-referential cognition and overlaps greatly with the social cognition network (Schilbach et al., 2008 (Schilbach et al., , 2012 Spreng et al., 2009; Mars et al., 2012) . Given that the cingulum provides strong connections between the rostral medial prefrontal cortex/anterior cingulate and the medial posterior parietal cortex (including the posterior cingulate cortex and ventral precuneus), the cingulum is likely to shape the structural connectivity of the default network, as recently suggested by two multimodal imaging studies (van den Heuvel et al., 2008; Greicius et al., 2009) . Based on these findings, we hypothesized that disconnection of the cingulum was related to behavioural changes in inference-based mentalizing.
Our present data provide direct support for this hypothesis. Impaired mentalizing accuracy was specifically correlated with the extent to which the right cingulum was infiltrated (Table 2) . This result was corroborated by group analyses, which showed that infiltration volumes in the right cingulum were significantly larger in patients showing specific impairments in inference-based mentalizing; this was not the case for the other fasciculi, and especially the ventral associative pathways (Fig. 5A and B) .
Understanding other's intentions is impaired by damage to the supplementary motor area/dorsal premotor cortex Both subtraction lesion analyses and VLSM analyses highlighted the large number of significantly involved voxels in the right supplementary motor area (extending to the dorsal premotor regions) (Fig. 2) . These brain regions are known to harbour neurons with mirror properties (Mukamel et al., 2010) and have a crucial role in understanding intentions and actions (Iacoboni et al. 2005; Spunt and Lieberman, 2013) . However, a growing body of evidence suggests that the mirror system is involved in computing proximal (motor) intentions but not distal intentions necessitating (which, by their very nature, require more reflective processes) (de Lange et al., 2008; . Nevertheless, the mirror system is likely to facilitate psychological inference by automatically decoding low-level intentional cues during the course of complex action plans. Our results indicate that damage to the cortical structures thought to subserve automatic processes in intention decoding can also alter the ability to understand intention (i.e. a higher-level process). Our findings suggest that both the mirror and the mentalizing system are engaged during the conscious attribution of intentions (as previously demonstrated in a functional connectivity study using the same task (Kana et al., 2014) and, more generally, during the ascription of psychological states (Spunt and Lieberman, 2012) . In this respect, it is noteworthy that decreasing the threshold to P 5 0.005 (uncorrected) in the VLSM analyses revealed an additional cluster of voxels in the pars opercularis of the right posterior inferior frontal gyrus. Taken as a whole, our results fit well with the interactive (cooperative) dualprocess theory of mentalizing, in which it is posited that low-level embodied processes and high-level inferential processes are engaged during the ascription of psychological states (Uddin et al., 2007; Keysers and Gazzola, 2007; Lombardo et al., 2010a; Spunt and Lieberman, 2012) .
A plastic hodological mentalizing network
One can legitimately wonder why our conventional voxel-wise analysis of a relatively large sample of patients failed to establish comprehensive statistical maps of the relationship between impaired mentalizing processes and the location of brain damage. One limitation of the current study relates to the fact that few patients had lesions in the right temporoparietal junction (as a result of natural spatial distribution of diffuse low-grade gliomas). However, this limitation did not apply to more anterior temporal and frontal regions. On the basis of data from lesion and multimodal imaging studies that featured the behavioural tasks used here (Brunet et al., 2000 (Brunet et al., , 2003 Adams et al., 2010; Castelli et al., 2010; Moor et al., 2012; Herbet et al., 2013) , one would expect injury to the posterior inferolateral or medial frontal areas to impact task performance (at least to some extent) in conventional, quantitative lesion-symptom analyses. The absence of significant findings cannot be reasonably attributed to low statistical power. Firstly, we also performed VLSM analyses with higher voxel cut-offs (5 and 10 for resection cavity maps, and 5 for residual lesion infiltration maps) to improve the statistical power. Secondly, we sought to avoid false negative results by using a liberal threshold for statistical significance.
One possible explanation relates to the lesions' neuropathological. In contrast to acute lesions (such as vascular stroke), diffuse low-grade glioma slowly infiltrates brain tissues (Mandonnet et al., 2003) and can sometimes induce impressive functional remodelling (Desmurget et al., 2007) (as demonstrating by functional MRI and electrostimulation studies; Krainik et al., 2004; Duffau, 2005; van Geemen et al., 2013) . This is why it is possible to surgically remove large brain regions, without inducing severe cognitive disorders (Duffau, 2012) . That is not to say, however, that structures of the brain are equipotent. Functional plasticity in diffuse low-grade glioma is limited and some structures are clearly refractory to functional compensation. This is especially true for (i) white matter fibres (including large portions of the arcuate, superior longitudinal, inferior occipito-frontal and posterior inferior longitudinal fasciculi) that cannot be re-sected; and (ii) certain cortical epicentres with poor potential for functional compensation (Ius et al., 2011) .
One striking finding in the present study was that the degree of frontoparietal disconnection was correlated with poor mentalizing performance. This fully agrees with Ius and colleagues' (2011) proposal of critical subcortical brain systems and, more generally, with the view that long-range connectivity is essential for cognition (Mesulam, 1998; Bressler and Menon, 2010; de Benedictis and Duffau, 2011; Knosche and Tittgemeyer, 2011) . The underlying pathophysiological mechanism of 'progressive disconnection syndrome' is probably related to disruption of cortical synchrony throughout the neurocognitive network, which is safeguarded under normal circumstances by the connectivity of subcortical white matter. In this respect, some studies have shown that damage to structural connectivity harms cognitive functions (Shinoura et al., 2009; Karnath et al., 2011; Kummerer et al., 2013) , and induces major functional changes throughout the network (He et al., 2007a) . These results have prompted some researchers to argue that structural alterations in white matter connectivity constitute the main obstacle to functional compensation, especially in the case of diffuse low-grade glioma (Duffau, 2013) . We consider that our findings have potential clinical value and may enable prediction of the functional outcome of surgery (based on the preoperative degree of axonal connectivity infiltration) and the adjustment of individual cognitive rehabilitation programmes.
Conceivably, VLSM analysis of residual lesion infiltration maps could be criticized if it does not confirm significant results generated with other methods. We do not share this scepticism. By definition, an interpretation based on a disconnection syndrome does not fit well with location-based models. In theory, a given neuropsychological manifestation can be induced by injury of any part of a fasciculus (Catani and Ffytche, 2005; Bartolomeo, 2012 ).
This may be one reason why VLSM analyses have been inconclusive (especially regarding the low-level mentalizing task). It may also be the case that impaired mentalizing accuracy is related to incremental damage to associative pathways. This would fit with the results of correlation analyses and also with the fact that our significant VLSM associations for the high-level mentalizing accuracy scores (attribution of intention and physical causality) with the white matter underlying the right temporoparietal region disappeared when residual lesion volumes was included as a covariate. Nevertheless, it is important to note that progressive damage to associative pathways does not completely explain the behavioural results. Although our study failed to fully describe mentalizing subnetworks at the cortical level, our qualitative and quantitative analyses demonstrate the importance of certain cortical epicentres (the pars opercularis of the right inferior frontal gyrus for the low-level mentalizing task and the supplementary motor area for the high-level mentalizing task).
At a broader (conceptual) level, our findings support the network view of high-level cerebral processes. Cognitive functions should always be considered as the endpoint of sophisticated functional interactions within whole-brain neurocognitive networks and not as in classical neuropsychology (i.e. the byproduct of the neural activity of discrete, highly specialized cortical areas) (Bressler, 1995; Mesulam, 1998; McIntosh, 2000; Hickok and Poepple, 2004; Fuster, 2006; Just and Varma, 2007; Bressler and Menon, 2010; Meehan and Bressler, 2012) . This opens up new opportunities for understanding neuropsychological impairments in non-focal disorders (i.e. neurodegenerative disease and neuropsychiatric disorders) as well as focal disorders (He et al., 2007b; Honey et al., 2010) . In the latter case, the heuristic value of the networking hypothesis appears to be much higher, especially when impairments following neurological disorders are sometimes poorly explained by the lesion's location. In this respect, researchers have started to use biomathematical approaches to model the effect of a focal lesion on the topology of wholebrain networks (Honey and Sporns, 2008; Alstott et al., 2009) . It has been suggested that virtual lesions in certain cortical hubs can disrupt functional connectivity between distant cortical areas; this is in good agreement with studies of patients with focal damage (He et al., 2007a; Gratton et al., 2012; Tuladhar et al., 2013) . Our findings fit well with a network paradigm of functional disturbances, by demonstrating that the associative axonal connectivity underlying large-scale networks is essential for cognitive functioning. This type of approach should prompt neuropsychological researchers to consider connectivity (rather than an oversimplistic, static, location-centred paradigm) when interpreting cognitive impairments, especially in the field of social cognition (Kennedy and Adolphs, 2012) .
In view of the above framework, our results must be considered in the broader context of neurodevelopmental disorders and especially autism spectrum disorders, for which impairments in social cognition (including mentalizing and empathy) are quintessential neuropsychological markers (Baron-Cohen et al., 1985 Lombardo et al., 2007 Lombardo et al., , 2010b . It is now well established that autism spectrum disorders are accompanied by structural alterations through the brain (Cauda et al., 2010) and, in particular, to long-range white matter pathways (Ke et al., 2009; Fletcher et al., 2010; Cauda et al., 2013; Aoki et al., 2013) . It was recently reported that global white matter abnormalities were related to clinical measures of social and communicative abilities in patients with autism spectrum disorder (Gibbard et al., 2013) . In view of the interconnections between key brain areas in social perception and cognition, structural disruption of the right arcuate/lateral superior longitudinal fasciculus complex has been posited as a possible substrate for the patients' sociocognitive impairments (Cauda et al., 2013; Kana et al., 2014) . Our present findings show how certain sociocognitive impairments can arise from structural alterations in specific associative pathways and shed light on the possible structural basis of related impairments in ASD populations. According to a prominent Rizzolatti and Fabbri-Destro, 2010; Gallese et al., 2013) but controversial hypothesis (Hamilton, 2013) , dysfunction of mirror mechanisms may account for the emotional empathy, imitation and basic emotion recognition disorders encountered in autism spectrum disorders. On the basis of our results, one can legitimately speculate that impaired low-level embodied representations in autism spectrum disorders are related to abnormalities in the arcuate/lateral superior longitudinal fasciculus.
The current study has some potential limitations. We excluded patients with left posterior temporal/parietal lesions to minimize potential bias because of language impairments. Consequently, we were unable to study the potential impact of disconnection of left associative pathways in the occurrence of mentalizing impairments. Indeed, the low numbers of infiltrated patients prevented us from drawing unambiguous conclusions in this respect. On the methodological level, our use of a probabilistic diffusion tensor imaging-based atlas to estimate the degree of disconnection of each tract constitutes another possible limitation. Given that we used the full range of spatial coordinates of each fasciculus, the degree of the colinearity (Philippi et al., 2009 ) may have been greater than that induced by natural crossing (e.g. the inferior occipito-frontal fasciculus intersects with the arcuate fasciculus deep within the inferior frontal gyrus).
In conclusion, the present study provided several new insights into the neural bases of mentalizing. As was expected from the literature data, mentalizing abilities may be functionally segregated into two neurocognitive systems devoted to the identification and attribution of mental states, respectively (Sabbagh et al., 2004; Spunt and Lombardo, 2012) . A right dorsal stream may process the perceptual cues required for the rapid, pre-reflective identification of psychological states. This stream might connect the posterior part of the inferior frontal gyrus cortex and the inferior parietal lobule through two parallel pathways (the arcuate fasciculus and the lateral superior longitudinal fasciculus). A right midline stream may process more self-reflective and inferential aspects of mentalizing. The latter stream may connect the medial prefrontal cortex to the medial posterior parietal cortex through the cingulum. Mentalizing abilities may thus arise from these two physically distinct but functionally interdependent networks. Certain brain areas belonging to each network do indeed show effective connectivity during mentalizing (Lombardo et al., 2010a; Spunt and Lieberman, 2012) . Taken as a whole and when combined with literature data, our results provide evidence of the previously hypothesized integrated, dynamic, dual-stream system of mentalizing processes (Keysers and Gazzola, 2007; Uddin et al., 2007; Lombardo et al., 2010a; Spunt and Lieberman, 2012) . This type of anatomic and functional model may offer new perspectives for understanding neuropathological/neurodevelopmental conditions characterized by sociocognitive impairments and structural changes in associative pathways.
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